Pyroptosis is a lytic form of cell death distinguished from apoptosis, ferroptosis, necrosis, necroptosis, NETosis, oncosis, pyronecrosis and autophagy. Proinflammatory caspases cleave a gasdermin D (GSDMD) protein to generate a 31 kDa N-terminal domain. The cleavage relieves the intramolecular inhibition on the gasdermin-N domain, which then moves to the plasma membrane to exhibit pore-forming activity. Thus, GSDMD acts as the final and direct executor of pyroptotic cell death. Owing to the selective targeting of the inner leaflet of the plasma membrane with the pore-forming that determines pyroptotic cell death, GSDMD could be a potential target to control cell death or extracellular bacterial infections. Intriguingly, other gasdermin family members also share similar N-terminal domains, but they present different cell death programs. Herein, we summarize features and functions of the novel player proteins in cell death, including GSDMD triggering pyroptosis, Gsdma3/GSDMA initiating autophagy/ apoptosis and DFNA5 inducing apoptosis/secondary necrosis. The gasdermin N terminus appears to be a novel pore-forming protein. This provides novel insight into the underlying roles and mechanisms of lytic or nonlytic forms of programmed cell death, as well as their potential applications in inflammation-associated diseases.
Open questions
What is the detailed mechanistic process by which the N-terminal cytotoxic activity of GSDMD drives pyroptotic cell death? Could the N terminal of DFNA5 serve as an apoptotic trigger to initiate the secondary necrosis in response to pathogen infection? How could critical target molecules in the activated signaling pathways by which GSDMD, GSDMA and DFNA5 mediate cell death be identified to pave therapeutic approaches of inflammasome-associated inflammatory and metabolic disorders?
Pyroptosis is an inflammatory form of programmed cell death that is critical for amplifying protective immunity during infection. 1 A dedicated set of inflammatory caspases (caspase-1, -4, -5 and -11) in the canonical and noncanonical inflammasome signaling pathways leads to inflammatory responses, especially in pyroptosis. [2] [3] [4] [5] [6] But, how these caspases initiate this cell-death program remains unclear.
This picture depicting a pyroptotic process has not been changed markedly until 2015 when two independent studies led by Dixit and Shao identified cleavage of the protein GSDMD by inflammatory caspases determining pyroptotic cell death. 7, 8 They demonstrated that inflammatory caspases cleaved GSDMD to generate a 31 kDa N-terminal fragment and a 22 kDa C-terminal fragment, and the N-terminal GSDMD fragment alone induced pyroptosis when expressed ectopically. GSDMD is just one member of the evolutionarily and structurally conserved gasdermin gene family. Intriguingly, all gasdermins (GSDMA, GSDMB, GSDMC, and GSDMD in humans; Gsdma1-3, Gsdmc1-4, and Gsdmd in mice) are composed of a similar N-terminal domain, which is also shared by the extended gasdermin family members DFNA5 and DFNB59 (deafness, autosomal-dominant 5/autosomal-recessive 59). This gasdermin-N domain in GSDMD, Gsdma3, GSDMA, GSDMB, GSDMC or DFNA5 has been proved to induce extensive cell death in human 293T cells. 7, 9 Given the sequence similarity between gasdermin N-terminal domains, it is not surprising that all gasdermins induce membrane permeability pores and subsequent cell death. 9, 10 The identification of GSDMD as a critical mediator of pyroptosis has hinted possible functions of other gasdermin family members in programmed cell death. However, a comprehensive summary of mechanism by which gasdermin family members are involved in the programmed cell death has not been undertaken until now. In this review, we summarize current literatures on possible functions of gasdermin family members in the programmed cell death, specifically including GSDMD triggering pyroptosis, GSDMA/Gsdma3 causing autophagy or apoptosis, and DFNA5 inducing apoptosis. In particular, gasdermin-N appears to represent a novel poreforming protein (PFP) to insert into cell membranes, determining pyroptotic cell death.
Whole Picture of Gasdermin Family
Gasdermins belong to a recently discovered novel gene family. Besides GSDMD, this family also includes GSDMA, GSDMB, GSDMC, DFNA5 and DFNB59. Both GSDMA and GSDMB are located at human chromosome 17q21.1, but GSDMC and GSDMD at chromosome 8q24. Mice lack GSDMB, but encode three Gsdma (Gsdma1-3) and four Gsdmc (Gsdmc1-4). Paralogous genes Gsdma, Gsdma2 and Gsdma3 are clustered on mouse chromosome 11, but Gsdmc, Gsdmc2, Gsdmc3 and Gsdmc4 on chromosome 15. Gasdermin family genes have distinctive expressional patterns. Each is tissue-and differentiation stage-specific and expressed in epithelium of skin and gastrointestinal tract. 11 GSDMA, GSDMC and GSDMD are all reported to have tumor suppressor activity, but GSDMB is considered to be an oncogene, associated with immune response diseases, such as childhood-onset asthma. [12] [13] [14] [15] [16] [17] [18] The gasdermin family shares~45% overall sequence homology. Structures of the gasdermins are composed of two domains, gasdermin-N and -C domains. Of note, the N-terminal and C-terminal domains are well conserved among the Gsdm/GSDM family proteins. However, the middle GSDM protein sequence shows no similarities among the family members. There are nine conserved sequence regions and all members encode a leucine-rich protein. 11 It was presumed that the GSDM proteins may function as transcriptional factors because two potential leucine zippers that might serve as DNA-binding domains located in their C terminus. However, there is no nuclear localization signal sequence and DNAbinding motifs in the GSDM proteins, and GSDMA is assayed only in the cytoplasm, but not in the nucleus after expressed in 293T cells in vitro. For this reason, there is no strong evidence to support this hypothesis.
Pore-Forming Activity of GSDMD Determines Pyroptotic Cell Death
Pyroptosis is a lytic and highly inflammatory type of the programmed cell death, initiated by inflammasome (or pyroptosome) formation in response to microbial infection or other danger signals. This type of cell death is characteristic of cell swelling, lysis, and release of cytoplasmic content, thus restricting the replication of intracellular pathogens and attracting effector cells of the immune system. 1 However, excessive pyroptosis is detrimental to normal tissue and cells. To avoid damage to the host organism, pyroptosis is tightly regulated by the activation of inflammatory caspases, such as caspase-1, murine caspase-11, and its human homologs caspases-4 and -5. They are activated within the inflammasome, a multi-protein complex that is assembled by cytosolic pattern-recognition receptors upon recognition of various cytosolic danger-or pathogen-associated molecular patterns. Although the basis of inflammasome assembly and caspase activation has well been established, it is still unknown how these caspases initiate this cell-death program.
Identification of GSDMD as a critical mediator of pyroptosis. In 2015, several landmark studies independently identified GSDMD as a central mediator of pyroptotic cell death caused by downstream of both caspase-1 and caspase-11, and showed that it was essential for IL-1β secretion. 7, 8, 19 These studies demonstrated that GSDMD is cleaved by caspases into a 31 kDa N-terminal fragment and a 22 kDa C-terminal fragment, and that the N terminus itself, but not full-length or C-terminal GSDMD, is capable of triggering pyroptosis when expressed aberrantly, suggesting that the GSDMD C terminus has an autoinhibitory effect on the intrinsic activity of the pyroptosis-inducing GSDMD N terminus. Since then, a series of reports has now shown that the cytotoxicity of this N-terminal fragment is because of its ability to target and insert cellular membrane lipids, and permeabilize the membrane, therefore representing a novel class of PFPs. 9, [19] [20] [21] [22] [23] [24] Oligomerized gasdermin-N forms membrane pores during a pyroptotic process. Shao and colleague 9 further revealed the molecular mechanism of gasdermin-N domaininduced pyroptosis. They showed that the gasdermin-N domains of human GSDMD, GSDMA, GSDMB, GSDMC, and DFNA5 and of mouse Gsdma3 were cytotoxic to the mammalian cells. A possible mechanism is that the gasdermin-N domains directly disrupt cellular membrane to cause pyroptosis. To confirm this possibility, the engineered forms of GSDMD, GSDMA and Gsdma3 were used, in which the N and C domains remained non-covalently bound together after cleavage to avoid the toxic effects of the N domain while the localization of these domains was able to be examined. Their results demonstrate that only the N-terminal domains of gasdermins can specifically bind to phosphoinositide and cardiolipin on the plasma membrane, which are an important component of the inner mitochondrial membranes and some bacterial membranes. 9 How do the gasdermin-N domains translocate to the plasma membrane? After cleavage, full-length GSDMD was located in the cytosol, while GSDMD-C also remained in the cytosol. 22 As a general strategy applied in many signaling pathways, GSDMD-N also experienced monomer-to-oligomer transition prior to its migration to the plasma membrane, which is initiated by caspase-mediated removal of C-terminal inhibitory domain. 20 It seems that there are multiple steps in the oligomerization process before the formation of a higherorder complex. The high-resolution crystal structure analysis of mouse Gsdma3 indicates the structural basis for the 'Hints' in the killer protein gasdermin D S Qiu et al autoinhibition function of its α-helical C terminal. That is, it can hinder the activity of the Gsdma3 N terminal conserved most likely in the gasdermin family members. Human GSDMD shares~70% homology with Gsdma3. As the first 15 N-terminal amino acids are highly conserved in gasdermins, GSDMD can also form α-helix structure. 9 As the mutation of five well conserved and positively charged residues in GSDMD-NT (N terminal) may prevent GSDMD-NT oligomerization and GSDMD-N-HBD (hormone-binding domain)-mediated cell death, the N-terminal α-helix should be indispensible for GSDMD-mediated pyroptosis. 20 Furthermore, Shao and colleague 9 also proved that L192 on the α4 helix and E15 on helix α1 take part probably in oligomerization and insert into the membrane, resulting in the GSDMD pore formation.
Gasdermin-N domain represents a new PFP. Notably, GSDMD-N induced pyroptosis only when delivered to the cytosol, but not when added extracellularly. This is fully consistent with the localization of phosphoinositides in the cytoplasmic leaflet of the plasma membrane. The gasdermin-N could lead to leakage of the liposomes consisting of phosphoinositide or cardiolipin, but did not impact the ones composed of cholesterol or phosphatidylethanolamine. 9 The liposome-floating assay revealed that GSDMD P30 was strongly colocated with mitochondrial-or plasma membranelike liposomes. 20 This finding indicates that just like MLKL protein, which is involved in necroptosis, gasdermins also kill cells from the cytosol. In addition, the gasdermin-N shows no notable similarity in structural homology to other PFPs. Therefore, the gasdermin-N domain appears to represent a new type of PFPs. Further study showed that items with diameters of 10 nm or less could pass through the GSDMD-N-induced pores. Indeed, under a negative electron microscope the pores could be visualized to have an inner diameter of 10-15 nm in nearly all cardiolipin-, Figure 1 Pore-forming activity of GSDMD determines pyroptotic cell death. The canonical inflammasome pathway is triggered by different cytoplasmic sensor proteins recognizing multiple pathogens and inflammatory agents. These recruit procaspase-1 monomers through the adaptor protein ASC and activate the caspase by dimerization. Caspase-1 can also initiate pyroptosis by cleaving gasdermin D although other pyroptosis-inducing caspase-1 substrates may exist. Caspase-1 also processes the proinflammatory cytokine pro-IL-1β to generate mature IL-1β, which is presumably released by cell lysis during pyroptosis. The non-canonical inflammasome pathway is triggered by bacterial lipopolysaccharide (LPS) molecules in the cytoplasm of infected cells. Direct binding of LPS to the protein procaspase-11 causes the protein dimerization to become active caspase-11. In human cells, caspase-4 and -5 perform the function of mouse caspase-11. These caspases cleave the protein gasdermin D, releasing its amino-terminal domain from inhibition by its carboxy-terminal domain. The cytotoxic N-terminal fragment of gasdermin D is then released and targets phospholipids on the host cell membrane and assembled into the pores. Processed GSDMD-NT, via its affinity for cardiolipin and phosphatidylserine, may also target and kill intracellular bacteria. GSDMD-NT pore formation in the host cell leads to pyroptosis to produce apoptotic body-like cell protrusions. IL-1β is released from the cell upon membrane rupture 'Hints' in the killer protein gasdermin D S Qiu et al phosphoinositide-, or natural lipid-containing liposomes that had been co-cultured with GSDMD-N. 9, 21, 24 Of note, these pores are wide enough for the passage of mature IL-1β (4.5 nm) and caspase-1 (7.5 nm). 9 Consistent with the above finding that GSDMD-N forms the pores in the plasma membrane, the latest study from Han's group further demonstrated that GSDMD-N-based pores are nonselective to different ions. A large number of GSDMD-Nformed pores could conceivably destruct the plasma membrane, thereby promoting the formation of the apoptotic bodylike cell protrusions, and finally inducing plasma membrane disruption. 20 However, because GSDMD-N-based pores exhibit ion non-selectivity, there should not be a substantial increase in intracellular osmolarity, which explains why pyroptotic cells appear less swelling and bursting in comparison with necroptotic cells, whereas the latter has ion selection. 20 Taken together, these breakthrough findings support that the GSDMD-N domain forms the pores on the membrane driving pyroptosis (Figure 1 ).
Unanswered questions about N-terminal proteolytic fragment of GSDMD triggering pyroptosis. Although the strong evidence supports that GSDMD-NT pore formation in eukaryotic cells drives pyroptosis, some questions remain to be answered. First, given gasdermin-C is a soluble protein, whereas gasdermin-N is insoluble. When GSDMD is cleaved in the absence of a target membrane, 22 we cannot help raise a question that gasdermin-C does act not only as an inhibitory domain, but also simultaneously as a solubility tag for the N-terminal domain, may be by shielding certain hydrophobic or amphipathic segments required for membrane insertion. Thus, further work is needed to show the precise degradation mechanism of gasdermin-N after cytolysis. Second, although it has already been confirmed that GSDMD is essential for pyroptosis induced by caspase-4, -5 or -11, 7, 8, 19 the data from Kayagaki et al. 8 diverge on the requirement of GSDMD for pyroptosis resulting from caspase-1 activation. Now, the jury is still out on whether GSDMD is an essential mediator of caspase-1-induced pyroptosis. If not, other pyroptosis-inducing caspase-1 substrates must await discovery. Third, could gasdermin-derived peptides be potentially developed as antimicrobial agents to treat extracellular bacterial infections? GSDMD-N could drive pyroptosis in eukaryotic cells, but also is bactericidal, being able to kill different species of bacteria, including Escherichia coli, Staphylococcus aureus and Bacillus megaterium protoplasts. GSDMD also reduces intracellular numbers of Listeria monocytogenes, although it is not clear whether it is able to kill intracellular bacteria directly, or whether this is a consequence of host cell death. 24 GSDMD shares similar features with antimicrobial peptides (AMPs), some of which are expressed by macrophages, and can interact with membranes, finally penetrating them. 25 The GSDMD effective dose 50 (ED50), which means a dose of compound repressing 50% of bacterial growth, is~100 nM for both E. coli and S. aureus, 24 comparable to the AMPs LL-37 and HBD-3. 26 As GSDMD kills host cells via its selectively targeting to the inner leaflet of the plasma membrane, its N terminal, a gasdermin-derived peptide that is analogous to antimicrobial peptides, might be developed as AMPs to treat bacterial infections.
Evidence of Gsdma3/GSDMA Involving Autophagy or Apoptosis Gsdma3 mutation induces alopecia and excoriation. The Gsdma3 gene is a key member of gasdermin gene family, located at mouse chromosome 11. It is expressed in mouse skin keratinocytes, associated with skin differentiation and inflammation. At present, nine spontaneous and ENU (N-ethyl-N-nitrosourea)-induced mutations of Gsdma3 are listed in public databases (Mouse Genome Informatics database, http://www.informatics.jax.org). Although it is, to date, reported that all Gsdma3 mutations causing alopecia and excoriation are located on the well conserved C-terminal domain, but not on the N terminal or the middle part of this protein, the precise regulation of Gsdma3 inducing an alopecia phenotype remains a mystery.
Gsdma3 is required for a TNF-α-induced apoptotic signaling in keratinocytes. Previous reports suggest that Gsdma3 is associated with tumor necrosis factor TNF-α-induced apoptosis. 18, 27, 28 In morphology, Lei et al. 29 showed that Gsdma3 gene mutation gave rise to abnormal catagen with unshortened length and unshrunk structure of the hair follicle so that the development of catagen phase was inhibited. By testing the expression of caspase-3, it was confirmed that the Gsdma3 gene mutation suppressed the catagen-associated apoptosis of hair follicle keratinocytes. In 2012, further study demonstrated that Gsdma3 was a key mediator in the TNF-α-induced apoptosis pathway. 28 After in vivo TNF-α induction, Gsdma3 expression was significantly augmented in keratinocytes, suggesting that TNF-α acts as a new mediator of Gsdma3 expression. As a result, Gsdma3 causes the catagen-associated apoptosis of hair follicle keratinocytes by directly enhancing the caspase-3 expression (Figure 2a) .
Loss of Gsdma3 self-regulation causes autophagy via targeting mitochondria. In 2015, a study led by Shi et al. 10 provided another answer to this question. The mutations of the Gsdma3 C-terminal domain could induce autophagy. Using an in vitro assay system, they found that the wild-type (WT) N-terminal domain displayed a pro-autophagic activity, which could be reversed by co-expression of the C-terminal domain. These data indicate that the pro-autophagic activity of the Gsdma3 is relieved through an intramolecular autoinhibition. Further studies reveal that the expressions of class-II microtubule-associated protein light chain 3 (LC3), an autophagy marker, and mouse orthologue of a key autophagic protein of Schizosaccharomyces pombe Atg8 (autophagy-related protein 8), were significantly enhanced in the AE mutant skin, indicating that autophagy is activated here. 10 Consistent with the pro-autophagic activity of the N-terminal domain, the mutation or loss of the C-terminal domain of Gsdma3 binds directly to mitochondria to induce a significant decline in mitochondrial activity and an increase in the ROS level, resulting ultimately in autophagy. 10 However, the 'Hints' in the killer protein gasdermin D S Qiu et al detailed process by which the N-terminal domain is recruited to mitochondria remains unclear. Lin et al. showed that the unmasked N terminus of Gsdma3 interacts with a Hsp90/ Hsp70 machinery complex for targeting mitochondria via Tom70, a mitochondrial importer receptor. Here, it has a further interaction with the mitochondrial chaperone Trap1 so as to induce mitochondrial permeability transition pore opening, mitochondrial ROS production and cytochrome c releasing, resulting finally in cell death (Figure 2b ). 30 Utilizing a tandem affinity purification method, Zanon et al. 31 reported that Parkin might interact directly with GSDMA. As human GSDMA and rat Gsdma are orthologs of mouse Gsdma, their structure and function are conserved as well. 32 When mitochondria are damaged, Parkin binds to PTEN-induced putative kinase 1 (PINK1), a mitochondrial targeting signal, and is recruited to mitochondrial outer membrane to initiate the mitophagy process, 33, 34 while PINK1 is imported into the mitochondria by a unique pathway that also requires Tom70. 35 Hence, it will be crucial to test whether Gsdma3 can regulate this process. Because all the Gsdma3 mutants are deficient in the whole C-terminal domain, which releases the intrinsic activity of the N-terminal pro-autophagy, they possibly induce a common alopecia phenotype by a mitochondria-dependent pathway. However, the Gsdma3 null mice did not show visible skin phenotypes, suggesting that the autophagy 'activation' induced by the N-terminal domain may require additionally physiological or pathological signals or that there are other regulatory mechanisms. 10 Crystal structure analyses of Gsdma3 reveal the molecular foundation of autoinhibited cell death. Regarding a pore-forming mechanism of GSDMD, Shao's laboratory demonstrated a 1.90 Å crystal structure of Gsdma3. 9 On the basis of this crystal structure, the autoinhibitory action of the Gsdma3 C-terminal domain can be well explained. Among nine reported Gsdma3 mutant alleles, 259RDW (insertion after residue 259 with three mistranslated residues RDW) and 366stop (a premature stop at residue 366) encode truncated Gsdma3 devoid of inter-domain contacts. Y344C, Y344H and A348T directly contact Gsdma3-N. T278P and L343P are near the direct-contacting residues. In addition, 412EA (duplication of E411A412) disrupts the Gasdermin-Nbinding surface. They all weaken inter-domain interactions, making the Gsdma3 constitutively activated. The Gsdma3 Figure 2 Regulatory roles of Gsdma3/GSDMA in autophagy or apoptosis. (a) Gsdma3 acts as a key mediator in the TNF-α-induced apoptosis pathway. TNF-α can upregulate Gsdma3, whereas Gsdma3 causes the catagen-associated apoptosis of hair follicle keratinocytes by directly enhancing the caspase-3 expression. (b) Gsdma3 causes autophagy through a mitochondria-dependent pathway. Mutant Gsdma3 loses its whole C-terminal domain, consequently releasing the intrinsic pro-autophagic activity of the N-terminal domain. Then, the unmasked N-terminal domain of Gsdma3 is associated with Hsp90 to be delivered to mitochondria through mitochondrial importer receptor Tom70, where it interacts with the mitochondrial chaperone Trap1 and induces mitochondrial permeability transition (MPT) pore opening, mitochondrial reactive oxygen species (ROS) production, cytochrome c releasing, resulting finally in cell death. (c) Human GSDMA involves transforming growth factor (TGF)-β-induced apoptosis. TGF-β upregulates GSDMA expression by LIM domain only 1 (LMO1) induction through a sequence to which LMO1 binds, in a GSDMA promoter region. Ultimately, the increased GSDMA induces apoptosis of the pit cells of human gastric epithelium 'Hints' in the killer protein gasdermin D S Qiu et al itself is not cleaved by inflammatory caspases, though. Five of its mutants (T278P, L343P, Y344C, A348T and 412EA) were found capable of instructing 293T cells to undergo apoptosis or autophagy. Thus, Gsdma3 is also called an autoinhibited cell death-inducing factor.
Human GSDMA is a target of LMO1 in a TGF-β-dependent apoptotic signaling. The exactly expressional regulation mechanism of Gsdma3 is still unclear. However, human GSDMA, which acts as a potential suppressor in gastric cancer, was found to act as a target of LIM domain only 1 (LMO1) and involved in transforming growth factor (TGF)-β-induced apoptosis. 18 TGF-β upregulates GSDMA expression by LMO1 induction through a sequence to which LMO1 binds in a GSDMA promoter region (Figure 2c ). Given the above described evidence that Gsdma3 gene mutation results in the TNF-α-induced apoptosis, that loss of the Gsdma3 selfregulation contributes to autophagy, or that GSDMA involves the TGF-β-dependent apoptotic signaling, it will be of great significance to search for precise endogenous signaling molecules that may open-up the Gsdma3 protein and activate its function in future studies.
DFNA5 is Implicated in an Apoptotic Pathway
DFNA5 was originally identified as a gene responsible for autosomal-dominant non-syndromic sensorineural hearing loss (HL). 36 At least four DFNA5 mutations associated with HL have, to date, been recognized. [37] [38] [39] [40] [41] They all lead to exon 8 skipping during splicing, contributing to a frame shift and a premature termination of the protein. These findings support that DFNA5-associated HL is caused by exon 8 skipping, whereas mutations in other parts of this gene may not result in HL at all. In additional, although there are less published papers implicating DFNA5, almost all have a possible involvement in cancer biology. Hence, it is considered as a tumor suppressor. [42] [43] [44] [45] The precise physiological function of the DFNA5 correlated to its tumor suppressive characteristics remains to be elucidated. On the other hand, various functional studies hinted that DFNA5 harbors a proapoptotic function. 46, 47 Apoptosis-inducing activity of DFNA5-N domain. Transfecting the cell death-causing DFNA5 mutant into yeast 48 or mammalian cells 49 showed a toxic effect of the mutant protein, which was not coming after the transfection of its wild-type. Other transfection studies in mammalian cell lines have further strengthened the evidence, that is, the critical Figure 3 Potential mechanistic process of apoptosis/secondary necrosis mediated by DFNA5. Intrinsic apoptosis is initiated by various death stimuli. They lead to permeabilization of the outer mitochondrial membrane, causing the release of cytochrome c. The latter binds to Apaf-1, followed successively by apoptosome formation, procaspase-9 recruitment/activation and activation of procaspase-3. Caspase-3 can also be activated by extrinsic or receptor-mediated apoptosis, and directly by active caspase-8. DFNA5 consists of two globular domains. The N-terminal domain of the apoptosis-inducing region located in exon 2 and exon 6 displays a proapoptotic activity, whereas the C-terminal domain, including exon 8, may serve as a regulator that folds back to mask the apoptosis-inducing N-terminal domain. Mutant DFNA5 skipping of exon 8 can change and shortens its C-terminal domain, thereby releasing the autoinhibition activity of the C-terminal domain with the activation of the N-terminal function. In other respect, active caspase-3 also can cleave DFNA5 to generate active DFNA5-N terminal that targets the plasma membrane and permeabilizes it by forming DFNA5 pores to induce secondary necrosis cell death, ultimately leading to HL 'Hints' in the killer protein gasdermin D S Qiu et al role of DFNA5 in apoptotic pathways. 50 The transfection of its mutant resulted in cell death, whereas the transfection of its WT did not. This effect was observed not only in human cell lines, including HEK293T, COS7, MCF7, and HELA cells, but also in the yeast model Saccharomyces cerevisiae.
51
Morphological analysis in combination with fluorescent labeling identified apoptosis as the cause of the observed cell death. 50 Interestingly, the apoptosis-inducing domain is shared by WT and mutant DFNA5, leading to a hypothesis that the apoptotic induction is an intrinsic feature of DFNA5. Further experimental evidence for this hypothesis was provided by hydrophobic cluster analysis of DFNA5, revealing that it contains two globular domains connected by a hinge region. The N-terminal domain located in exon 2 and exon 6 displays a proapoptotic activity, whereas the C-terminal domain consisting of the amino acid residues 282-496 (exon 8 included) may fold back to mask the apoptosis-inducing function of the N-terminal domain (Figure 3 ). Using the yeast system and human HEK293T cells further confirms that the N-terminal but not the C-terminal domain leads to the apoptotic cell death. On the basis of the crystal structure of Gsdma3, we can find that the residues in gasdermin-C that make the hydrophobic core largely determining the autoinhibition are highly conserved in the gasdermin family (Table 1) . Interestingly, all DFNA5 mutations which skip exon 8 are devoid of the critical residues (I313, F388 and A392) that make the hydrophobic core of DFNA5 (Table 1) . Thus, the mutation of DFNA5 releases the autoinhibition activity of the C-terminal domain, resulting in the activation of the N-terminal function (Figure 3 ). Given that PJVK shows a high N-terminal similarity to DFNA5, it was used to test whether the transfection of the N-terminal is also responsible for apoptotic cell death, but it was not the case. 50 Therefore, the apoptosis-inducing role may be specific for DFNA5.
Cleavage of DFNA5 mediates progression of apoptotic cells into secondary necrosis. Consistent with the above findings of the apoptosis-inducing ability of DFNA5, a recent study shows that mutant DFNA5 significantly increases the level of ROS and upregulates several cytochrome c oxidase (COX) genes involved in the cellular oxidative stress in yeast Saccharomyces cerevisiae as well as human embryonic kidney 293T cells. 51 In 2015, the DFNA5 mutant was further found co-localized with fragmented mitochondria and four different mitochondrion-related proteins, including Fis1 (a mitochondrial fission protein), Por1 (a voltage-dependent anion channel protein), Aac1 (a mitochondrial adenine nucleotide translocator 1) and Aac3, suggesting that they implicate this event. Moreover, through a microarray study the significance of mitochondria is confirmed in the DFNA5-induced cell death in both yeast and human cells. 52 In addition, the gene ontology analysis suggests that the DFNA5 mutant is closely correlated to mitochondria, MAPK pathways and the endoplasmic reticulum. 52 An exciting study further reveals that gasdermin-N domain of DFNA5 is involved in secondary necrosis. 53 The latter is regarded as a terminal phase following the completion of the apoptotic program. 54 It displays membrane permeabilization, swelling and lysis, which looks like the cellular phenotypes of pyroptosis or necroptosis. [55] [56] [57] [58] Alnemri et al. proved that DFNA5 is cleaved by apoptotic caspase-3 with the generation of a necrotic DFNA5-N fragment. This fragment directly targets the plasma membrane to permeabilize it. Therefore, DFNA5 functions to regulate apoptotic cells disassembly to progress into the secondary necrosis (Figure 3) . 53 However, could the N terminal of DFNA5 serve as an apoptotic trigger to initiate the secondary necrosis in response to pathogen infection? Does DFNA5 mutant-induced HL result from the secondary necrosis of hearing cells? Elucidating precise mechanisms of DFNA5-mediated cytotoxic activity will pave the therapeutic approaches for DFNA5 mutant-induced HL or other related diseases.
Concluding Remarks
On the basis of GSDMD emerging as a novel member of cell death inducers, there has been gradually increasing interest in shedding light on possible functions of other gasdermin family members in programmed cell death. As described here, the Table 1 The residues are involved in the autoinhibitory interactions in the gasdermin family Identical residues are highlighted by dark red background and conserved residues are red-colored. Residues in gasdermin-C that make the hydrophobic core are highly conserved in the gasdermin family, which are marked by a blue box 'Hints' in the killer protein gasdermin D S Qiu et al breakthrough progress regarding GSDMD, Gsdma3/GSDMA or DFNA5 that are closely associated with pyroptotosis, apoptosis or autophagy has been made in our deep understanding of the gasdermin N-terminal-inducing cell death. Especially, the GSDMD-N domain forms the pores on cellular membrane, thereby driving pyroptosis. Therefore, gasdermin-N terminus may be a novel type of PFP. It can make pores on membranes through inserting and binding membrane lipids, consequently mediating cell death. However, detailed molecular events of the gasdermin-N terminus-initiating cell death remain unclear. Thus, elucidating the gasdermin N-terminal's cytotoxic activity may lead to identification of novel crucial molecular targets in the process of cell and bacterial death so as to pave therapeutic approaches for inflammasomeassociated inflammatory and metabolic disorders.
